Members of the genus Malassezia are lipophilic basidiomycetous yeasts, which are part of the normal cutaneous microbiota of humans and other warm-blooded animals. Currently, this genus consists of 14 species that have been characterized by phenetic and molecular methods. Although several molecular methods have been used to identify and/or differentiate Malassezia species, the sequencing of the rRNA genes and the chitin synthase-2 gene (CHS2) are the most widely employed. There is little information about the β-tubulin gene in the genus Malassezia, a gene has been used for the analysis of complex species groups. The aim of the present study was to sequence a fragment of the β-tubulin gene of Malassezia species and analyze their phylogenetic relationship using a multilocus sequence approach based on two rRNA genes (ITS including 5.8S rRNA and D1/D2 region of 26S rRNA) together with two protein encoding genes (CHS2 and β-tubulin). The phylogenetic study of the partial β-tubulin gene sequences indicated that this molecular marker can be used to assess diversity and identify new species. The multilocus sequence analysis of the four loci provides robust support to delineate species at the terminal nodes and could help to estimate divergence times for the origin and diversification of Malassezia species.
Introduction
The genus Malassezia primarily consists of lipohilic yeasts, which are part of the normal cutaneous microbiota of human and other warm-blooded animals, as well as being associated with certain skin diseases. Seven species (M. furfur, M. globosa, M. obtusa, M. pachydermatis, M. restricta, M. slooffiae and M. sympodialis) were described in the last taxonomic revision of the genus [1] . Since then, seven additional new Malassezia species (M. dermatis, M. japonica, M. yamatoensis, M. nana, M. equina, M. caprae and M. cuniculi) have been proposed using a combination of biochemical, morphological, biological and molecular characteristics [2, 3] .
Several molecular methods have been used to identify and/or differentiate Malassezia spp. and to better understand the epidemiology of the infections they cause. In particular, the sequencing of the rRNA genes and the chitin synthase-2 gene (CHS2) had been used for taxonomic purposes [4, 5] . Prefixes KC of accession numbers correspond to the sequences generated in this study.
The β-tubulin gene is ideally suited for the estimation of deep-level phylogenies and for the analysis of complex species groups [6, 7] . It has been used for evolutionary studies in the basidiomycetous fungi [8] [9] [10] , but there is little information about it in members of the Malassezia genus. Gupta et al. [11] tried to amplify the β-tubulin gene with the primer pair Bt-2a and Bt-2b, which are usually used to amplify the β-tubulin gene in filamentous ascomycetes [12] . In their study, only the gene from M. restricta was amplified, but they could not obtain any sequence, while in a recent study, we sequenced the β-tubulin gene of M. nana [13] .
The aim of the present study was to sequence a fragment of the β-tubulin gene of currently accepted Malassezia species, analyze their phylogenetic relationship using a multilocus sequence analysis approach based on two rRNA genes (ITS-5.8S rRNA and D1D2 26S rRNA) together with two protein encoding genes (CHS2 and β-tubulin) and study its usefulness for the description and proposal of possible new Malassezia species.
Materials and methods

Strains
A total of 18 strains of Malassezia were analyzed, which included one strain from Centraalbureau voor Schimmelcultures (CBS) of each of the currently accepted species and the two neotype strains of M. furfur. We also included three strains of possible new species of Malassezia. The source and origins of the 18 strains investigated are listed in Table 1 . The strains were stored at −80
• C [14] .
DNA extraction, gene amplification, sequencing and phylogenetic analysis All species were grown on modified Dixon agar (36 g malt extract, 6 g peptone, 20 g desiccated ox-bile, 10 ml Tween 40, 2 ml glycerol, 2 ml oleic acid and 12 g agar per litre, pH 6.0). However, M. cuniculi and M. pachydermatis were grown in Leeming and Notman agar (10 g peptone, 5 g glucose, 0.1 g yeast extract, 4 g desiccated ox-bile, 1 ml glycerol, 0.5 g glycerol monostearate, 0.5 ml Tween 60, 10 ml whole-fat cow's milk and 12 g agar per liter, pH 6.2) and Sabouraud's glucose agar (Biolife s.r.l., Milano, Italy), respectively. DNA was extracted and purified directly from seven day-old cultures according to the FastDNA Spin kit protocol with the FastPrep FP-24 instrument (MP Biomedicals, Biolink, Barcelona, Spain). The DNA was kept at −20
• C until used as a template for PCR amplification.
Sequences of ITS-5.8S rRNA, D1D2 26S rRNA and CHS2 of currently recognized species were obtained from previous studies [3, 15] . ITS-5.8S rRNA, D1D2 26S rRNA and CHS2 genes of Malassezia sp. 1, Malassezia sp. 2 and Malassezia sp. 3 were amplified and sequenced as described previously [15] .
A fragment of the β-tubulin gene was amplified in all strains using the degenerate primers Fβtub1 (5 -CARGCYGGTCARTGYGGTAACCA-3 ) and F-βtub4r (5 -GCCTCAGTRAAYTCCATYTCRTCCAT-3 ) described by Einax and Voigt [16] following a protocol described by Castellá et al. [13] . PCR constituents were combined as follows; 5.0 μl of template DNA, 5.0 μl of 10 × PCR buffer, 0.2 mM of each dNTP, 1.5 mM MgCl 2 , 0.3 μM each primer and 2.5 U of Taq polymerase in a total volume of 50 μl. The amplification process consisted of a pre-denaturation step at 95
• C for 5 min, followed by 30 cycles of denaturation at 95
• C/30 s, annealing at 50
• C/1 min and extension at 72
• C/1 min, and a final extension of 10 min at 72
The PCR product was purified with MultiScreen filter plates (Millipore, Barcelona, Spain) following the manufacturer's protocol. The purified product was used as a template for sequencing. The BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) and primers F-βtub1 and F-βtub4r were used for sequencing [13] as specified by the manufacturer. An Applied Biosystems 3730 sequencer was used to obtain the DNA sequences.
Sequence alignments were performed using the software program Clustal X v2.0.12 [17] . Regions of ambiguous alignment were removed with Gblocks [18] . Relaxed conditions of Gblocks were used for rRNA genes, whereas stringent conditions were used for CHS2 and β-tubulin.
Parsimony analyses of the individual and combined data matrices were conducted using PAUP * version 4.0b10 software [19] . One hundred heuristic searches were conducted with random sequence addition and tree bisection reconnection branch-swapping algorithms, collapsing zero-length branches and saving all minimal-length trees (MulTrees) on different data sets. The gaps were treated as missing data and support of internal branches was assessed using heuristic parsimony search of 1,000 bootstrapped data sets. The combined data set was tested for incongruence with the partition homogeneity test (PHT) as implemented in PAUP * . Tree length, consistency index (CI), retention index (RI) and the rescaled homoplasy index (HI) values were also calculated. Maximum likelihood trees were inferred with the server version of RAxML-VI-HPC v7.2.8 [20] , as implemented on the Cipres portal. The robustness of the trees was estimated by a bootstrap analysis with 1,000 replicates. Bayesian Inference was conducted using MrBayes v.3.1.2 [21] . Bayesian analyses were run for 1,000,000 generations in two independent analyses with a sample frequency of 1 in 1,000. To obtain the consensus tree and Bayesian inference posterior probabilities, 10% of the generations were removed to discard trees sampled before likelihood values had reached a plateau. We used the most complex model of evolution available for nucleotides (GTR + Gamma distribution + Invariant positions) in the three programs, as it can adjust its parameters to match any simpler model.
Results
The PCR procedure described above successfully amplified a partial β-tubulin gene fragment from all the strains. The β-tubulin gene sequences for the Malassezia strains studied varied between 844 and 1012 readable bp, with no introns observed in the fragment sequenced. The nucleotide sequences determined in this study have been deposited at the GenBank database under accession numbers KC573785-KC573811 (Table 1) . Pairwise comparisons among the sequences obtained for each species revealed a nucleotide variation ranging from 6.7% between M. dermatis and M. sympodialis and 50% between Malassezia sp. 1 and Malassezia sp. 2 ( Table 2 ). Intra-species sequence variation between M. furfur neotype strains was limited (1.8%).
The β-tubulin data set included 729 characters excluding sites with gaps/missing data, with 331 conserved and 398 variable characters of which 317 are parsimony informative. The phylogenetic analysis of the nucleotide sequences of β-tubulin gene fragment from the 17 Malassezia species revealed that they were genetically distinct from each other. Parsimony analysis of the β-tubulin data yielded 5 maximum parsimony trees and one of which is shown in Figure 1 .
M When the four loci (ITS-5.8S rRNA, D1D2 26S rRNA, CHS2, and β-tubulin) were combined, the data set included 2,297 characters. Each gene contributed to that length as follows: ITS-5.8S rRNA, 624 characters; D1D2 26S rRNA, 580 characters; CHS2, 364 characters; and β-tubulin, 729 characters. From these characters, 1,331 were constant, and 966 were parsimony informative. The result of the partition homogeneity test (P = 0.01) showed that the data set could be combined without reducing phylogenetic accuracy [22] . Maximum likelihood and Bayesian analyses produced phylogenetic trees with the same topology (Fig. 2) . All known Malassezia species except M. cuniculi formed a strongly supported group. Three main clusters could be distinguished, the first of which (cluster I) comprised two well supported clades, one that included M. japonica, Malassezia sp. 1, and Malassezia sp. 2, whereas the second contained Full concordance was observed with clustering of the species using parsimony analysis. Figure 3 shows one of the most parsimonious trees obtained. The three main clusters with the same clustering of the species were obtained, although the bootstrap support of parsimony and maximum likelihood analyses were lower than Bayesian posterior probabilities.
Discussion
Various molecular markers had been used to discriminate among the recognized species of Malassezia. The most studied loci had been the D1/D2 domains of the large subunit (LSU) of the RNA gene, the internal transcribed spacers-5.8S rRNA gene and CHS2 gene [5] .
In our study we have characterized the β-tubulin gene in all currently recognized species of Malassezia and two strains isolated from opossums (Malassezia sp. 1 and Malassezia sp. 2) and one from a parrot (Malassezia sp. 3). Sequence differences in the β-tubulin gene among the 14 recognized Malassezia species ranged from 6.7-47.1%, which is similar to those described with other molecular markers. For example, the reported sequences differences in the LSU and the ITS regions among different species of Malassezia ranged from 4.6-23% and from 26-70%, respectively [23] [24] [25] [26] , with the exception of the species of M. sympodialis complex where differences ranged from 1.3-9.1% for LSU and 3.4-12.2% for the ITS region [15] . In the CHS2 gene differences among Malassezia species were less than 5% [4] . Malassezia sp. 1, Malassezia sp. 2 and Malassezia sp. 3 are clearly different from the rest of species, showing differences ranging from 7.9-48.7% and differences among them ranged from 30.3-50.0%.
The phylogenetic study using β-tubulin gene indicated that the 14 currently accepted species and the three possible new species are genetically distinct from each other and that this molecular marker can be used as a taxonomic tool. Although in some studies the phylogenetic relationships inferred from partial β-tubulin sequences appear to be less robust than those inferred using other genes [27, 28] , the β-tubulin gene has been useful in studying the evolutionary relationships among basidiomycetous fungi [9] .
Previous phylogenetic analyses using other molecular markers supported some major clades. Based on the analysis of the D1/D2 domains of the large subunit (LSU) rRNA gene [15] This lack of concordance among the phylogenetic patterns obtained among phylogenetic analyses using different genetic markers may indicate that recombination has played a role in the divergence of these species as suggested previously [15] . Recently, the M. globosa genome has been sequenced and revealed the presence of mating-type genes, providing an indication that Malassezia may be capable of undergoing a sexual cycle [29] .
In order to improve the phylogenetic analysis, we combined four loci, two rRNA genes (ITS-5.8S rRNA and D1D2 26S rRNA) and two protein encoding genes (CHS2 and β-tubulin), and we used three different phylogenetic approaches (maximum parsimony, maximum likelihood and Bayesian inference). This combined gene analysis of the four loci provided robust support. Although the topology of the trees obtained with maximum likelihood/Bayesian inference and maximum parsimony was slightly different, the same clusters of species were obtained. In fact, maximum parsimony analysis received slightly less support than Bayesian analysis, indicating that the Bayesian method has a greater sensitivity to phylogenetic signals and it requires less character to obtain strongly supported nodes [30] .
The combined analysis of the four genes showed that Malassezia species form a well supported group, with M. cuniculi as a basal lineage. Although the analysis of D1/D2 regions of the 26S rRNA gene, ITS-5.8S rRNA gene and β-tubulin gene sequences grouped M. cuniculi with the rest of Malassezia spp., its separation in the multilocus analysis was due to the presence of marked differences in CHS2 gene sequences.
M. furfur, M. obtusa and M. japonica grouped together, and included three isolates of Malassezia species isolated from opossum and parrot. Malassezia sp. 3 has been isolated from a parrot and is related to M. fufur. Malassezia sp. 1 and Malassezia sp. 2 had been isolated form the ear canal of opossum and are related to M. japonica. Further studies are necessary to confirm that these three isolates represent new Malassezia species.
This study demonstrates the usefulness of the β-tubulin gene as a genetic marker to assess diversity and identify species boundaries and relationships within the genus Malassezia. This is the first multilocus sequence analysis that combined two rRNA genes (ITS-5.8S rRNA and D1D2 26S rRNA) together with two protein encoding genes (CHS2 and β-tubulin). The combined analysis of the four loci provided robust support to delineate species at the terminal nodes and could help to clarify the relationships among Malassezia species.
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